Traumatic brain injury (TBI) is a leading cause of death and disability in children ([@bib1]). Current therapeutic approaches are primarily supportive or directed at reducing the effects of brain edema, and do not directly address the underlying neuropathological processes at work. Further understanding of such processes in children will improve our ability to identify novel therapeutic targets.

Shortly after TBI, the brain enters a period of metabolic crisis. There is a brief period of hyperglycolysis that is not matched by a proportionate increase in brain oxygen utilization ([@bib2]). In the days that follow, a decrease in cerebral consumption of both glucose and oxygen is observed ([@bib2]). Global ischemia is a relatively rare finding that does not explain the drop in the cerebral metabolic rate of oxygen ([@bib3]). This prolonged failure of energy production has been attributed to mitochondrial failure after trauma and is associated with poor outcome in adult TBI patients ([@bib3],[@bib4],[@bib5],[@bib6],[@bib7],[@bib8],[@bib9]).

A decrease in the cerebral metabolic rate of oxygen without a commensurate decrease in cerebral blood flow (CBF) will produce a decrease in the amount of oxygen extracted by the brain from the blood, as measured by the oxygen extraction fraction (OEF). OEF reflects the degree to which delivered oxygen can be extracted by the brain tissues and will reflect metabolic defects caused by mitochondrial damage ([@bib10]). Recent advances in susceptibility-based oximetry have allowed for noninvasive measurement of the OEF using widely available magnetic resonance imaging (MRI) methods ([@bib11]). OEF has the advantage of displaying relatively little variation between subjects or over time, easing the interpretation of results ([@bib12]).

In this study, we investigated the relationship of OEF with the severity of injury and outcome during the subacute phase of recovery after TBI. We hypothesized that OEF would be decreased in children with TBI.

Results
=======

Demographic information and OEF data are summarized in **[Table 1](#tbl1){ref-type="table"}**. All but one of the severe TBI patients was sedated using fentanyl or midazolam for their initial scan; no sedation was applied for any other scans.

Patients with severe TBI had significantly lower OEF than did those with mild TBI. Severe and mild TBI patients had mean OEF of 21 ± 5% and 31 ± 8%, respectively. In contrast, the mean OEF among the controls was 49 ± 4%. For both mild and severe TBI patients, OEF was significantly lower than that of control patients at the initial time point. The difference between mild and severe TBI patients was also significant (**[Figure 1](#fig1){ref-type="fig"}**). Slight recovery of OEF values was found in both the trauma groups: severe TBI patients improved to 23 ± 9%, whereas mild TBI patients improved to 36 ± 9% (*P* \> 0.7). The mean OEF measured in the control patients remained steady at 46 ± 5%. At the 3-mo time point, OEF values were persistently different between the three study groups (*P* \< 0.05 for all comparisons).

During the enrollment period, we recruited only two moderate TBI patients for the acute measurement and two for the 3-mo measurement. We screened the intensive care unit daily for eligible patients, and low enrollment was due to the low incidence of moderate TBI during the enrollment period. OEF values for moderate TBI patients were 27% and 16% at the initial time point and 33% and 13% at the 3-mo time point. Due to the low number of data points and wide variability in the values obtained, moderate TBI patients were not included in the analysis.

Overall, reproducibility of the OEF values among control patients between the initial scan and the 3-mo scan was excellent. One patient showed a large change (14%) in the OEF between the two time points, otherwise the maximum difference between any two points was 5%. No significant difference between the two time points was observed. Although we report a small sample size for the control group, based on our data a sample of \>250 normal children would be needed to demonstrate a statistical difference between the two time points.

In patients with TBI, OEF measured within 2 wks of injury significantly correlated with both Glasgow Outcome Scale--Extended (GOS-E) and Functional Independence Measure for Children (WeeFIM) scores at 3 mo after injury (**[Figure 2](#fig2){ref-type="fig"}**). For GOS-E, the correlation was 0.74 (*P* \< 0.005) and for WeeFIM the correlation was 0.63 (*P* \< 0.02). The correlation between the 3-mo OEF and the GOS-E outcome was 0.62 (*P* \< 0.03). Patients were evaluated with the WeeFIM only at the 3-mo time point.

Discussion
==========

TBI is a persistent health problem for the pediatric population. After trauma, the brain enters a period of metabolic crisis that is not yet fully understood. Using an MR technique, we investigated the presence of abnormalities of cerebral oxygen metabolism in a sample of pediatric patients. Our data support the hypothesis that children with more severe TBI have lower OEF, reflecting abnormalities of brain oxygen metabolism.

Furthermore, this finding persisted for 3 mo in both mild and severe TBI patients. There was a significant decrease in the whole-brain OEF after TBI that was dependent on the severity of the injury. OEF was a predictor of outcome, with lower OEF values being associated with worse outcomes. The correlation between the two remained significant at 3 mo, solidifying the relationship between the two, although two patients displayed large improvements in outcome despite relatively poor OEF values. Due to the low number of data points and wide variability in the values obtained, moderate TBI patients were not included in the analysis. Variability in OEF values may be due to the broad spectrum of underlying pathology encompassed by a moderate Glasgow Coma Scale (GCS) injury severity classification. However, the low number of subjects limits our ability to analyze this hypothesis. Ongoing recruitment in a longitudinal study of pediatric TBI may help us characterize patients with moderate TBI.

Although only a few results are available in the literature using magnetic-susceptibility-based OEF measurements, we are encouraged by the fact that OEF values in our control patients are consistent with published results in healthy patients using positron emission tomography. Those studies cite OEF values in the range of 30--50% for healthy individuals ([@bib10],[@bib13],[@bib14]). Similar values for OEF have been found using other MRI techniques. Measurements based on T2 relaxation times in healthy patients and in the same venous blood vessel reported OEF values of 30--42% ([@bib15]).

Global OEF is a coarse and partial metric of cerebral metabolism. Differing levels of injury severity may be found across the injured brain. The limitations of a global measurement may explain the fact that some TBI patients in our study had OEF values that could be considered normal; these limitations may also explain the weaker correlation between OEF and WeeFIM score (which measures functional recovery) as compared to the GOS-E (which is a gross measure of global recovery). Regional measurement of OEF can be achieved with ^15^O-positron emission tomography, but its limited availability and use of ionizing radiation make it unsuitable for widespread studies in children. Further development of MR-based techniques may present a more suitable alternative ([@bib16]). Also, known limitations of the GCS in relation to diagnosing TBI and accurately defining injury severity should also be taken into account when interpreting our results, as the degree of injury severity may have been under- or overestimated, especially in young children and mild TBI cases ([@bib17],[@bib18]).

Our data may be affected by the fact that sedation was used in patients with severe TBI during the initial scan but not in patients with mild TBI and controls. Neuromuscular blocking agents were also administered to a subset of severe TBI patients. Conducting advanced MRI studies in critically ill children is challenging and such studies will often be susceptible to confounders such as the use of sedatives and neuromuscular blockade. However, based on the data provided by Hoffman *et al.* ([@bib19],[@bib20]), administration of midazolam produces a greater decrease in the CBF than in cerebral metabolic rate of oxygen, which would lead to an overall increase in the OEF in the sedated patients. The same is true of fentanyl ([@bib21]). This would result in our data being an overestimation of the initial severe OEF but does not change the interpretation of our results. Although the use of neuromuscular blocking agents can slightly affect oxygen consumption ([@bib22]) and lead to overestimation of decreases in OEF, only one patient received such medication and the administration occurred under conditions of adequate sedation and normal oxygenation, which would minimize the impact of this confounding effect. Of note, the decrease in OEF was sustained at the 3-mo time point, suggesting an ongoing biological process as no sedatives or neuromuscular blocking agents were used at that time point.

Given MRI studies were conducted when all patients were clinically stable (no intracranial hypertension, hypotension or hypoxemia), no TBI patients in our study presented with ongoing global ischemia, consistent with the finding of Vespa *et al.* ([@bib3]). This is based on the criteria for ischemia of an OEF in excess of 70% ([@bib23]). This strongly argues against the presence of overall ischemia as the etiology for abnormal oxygen metabolism in the subacute phase of recovery. However, because of the global nature of our measurement it may be insensitive to small focal areas of ischemia. Future studies of OEF abnormalities in pediatric TBI patients will include concurrent regional measurements of CBF and OEF to further address the complexities of oxygen metabolism studies in diffuse brain injury ([@bib16],[@bib24],[@bib25]). It is important to note that a subset of patients recovered clinically but had persistently low OEF values. This finding deserves further exploration and maybe explained in part by the fact that OEF measurements in the superior sagittal sinus (SSS) may not capture OEF abnormalities in the deep white matter ([@bib26]). Consideration may be given to performing measurements in the jugular bulb. However, the SSS was preferred in light of the often severe susceptibility artifacts caused by air spaces near the jugular bulb ([@bib11]). In addition, Xu *et al.* ([@bib27]) showed that oxygen saturation levels in the SSS are comparable to those in the internal jugular vein. Phase measurement in the SSS is convenient and robust in the absence of major tissue interfaces with markedly different susceptibilities.

The relationship between outcome and OEF is consistent with the work of Sharples, who reported persistent reduction of oxygen metabolism in children with poor outcome after TBI ([@bib8]). It is important to note that our mild TBI patients were all admitted to the pediatric intensive care unit for observation, suggesting that our results may not reflect most cases of mild TBI. Patients with mild TBI were also imaged earlier as compared with patients with severe TBI. This limitation was due to the fact that children with severe TBI were critically ill and the MRI study had to be delayed until patients were stable for transport and MRI data acquisition. Earlier imaging may overestimate OEF abnormalities in mild TBI as compared with severe TBI. However, the fact that the difference persisted at the 3-mo time point suggests that the effect of earlier imaging may not be significant.

For consistency across the patients studied, when calculating OEF we estimated the hematocrit to be 42% in all calculations, an approach that has been used consistently when measuring OEF with MRI ([@bib11],[@bib28],[@bib29]). We recognize that, particularly in the severe TBI patients, illness and blood sampling taken as a part of regular patient care may lower the hematocrit, a source of variation that could underestimate OEF. Our initial measurement may, therefore, be an overestimation of the decrease in OEF; however, the sustained OEF deficit at 3 mo and the correlation of the OEF with outcome indicate that this is a legitimate effect. The need to sample blood exclusively for study-related hematocrit measurements may in the future be avoided by using noninvasive hemoglobin measurement devices ([@bib30]).

In conclusion, this report supports the concept of persistent oxygen metabolism abnormalities in pediatric TBI. Our data are consistent with preclinical and clinical studies of brain injury supporting a role for mitochondrial dysfunction and consequent abnormalities in brain oxygen metabolism ([@bib5],[@bib31]). These abnormalities are important because of the resulting neuronal dysfunction and eventual cell death ([@bib4],[@bib32],[@bib33]). In addition, these abnormalities may constitute future therapeutic targets. Alternatively, trauma may induce a period of neuroprotective mitochondrial torpor, analogous to ischemic preconditioning ([@bib34],[@bib35]). Our conclusions are limited by the fact that we are unable to exclude the possibility of hyperemia, which would lead to decreased OEF without requiring a pathological decrease in cerebral metabolism. The time course of CBF abnormalities after TBI is variable and heterogeneous ([@bib36],[@bib37]). Both hypo- and hyperemia have been reported after TBI ([@bib38]). We attempted to mitigate these effects by measuring the OEF in the subacute phase of recovery, during which time CBF is reportedly less variable ([@bib39]). Concurrent CBF and OEF measurements will be necessary to refine our understanding of these important metabolic abnormalities. Advanced MRI studies are complex and can only study brain pathology at a limited number of time points. However, in addition to contributing to our understanding of brain injury, these methods may in the future prove useful for the validation of bedside technology that will allow noninvasive, continuous assessments of brain oxygen metabolism.

The use of readily available MR techniques allows for safe, noninvasive measurement of the OEF in the pediatric TBI population. OEF is persistently decreased in mild and severe TBI patients, and this abnormality correlates with injury severity and outcome. Ongoing studies will further investigate the neuropathological significance of our findings and the evolution of OEF abnormalities during long-term recovery after TBI.

Methods
=======

Inclusion criteria were pediatric age (0--17 y) and diagnosis of TBI. Diagnosis of TBI was made by history of acute trauma to the head and clinical symptoms of brain injury on admission. Patients were excluded if they had a prior history of head trauma, preexisting neurological conditions, or had suffered cardiac arrest. Patients were classified according to their GCS at admission as having severe (GCS ≤8) or mild TBI (GCS = 14--15).

Imaging was performed as soon as possible based on clinical stability. Patients were imaged within 2 wks of injury for the initial time point and at 3 mo after injury. We also acquired data in a group of volunteer healthy controls. Controls spanned the same age range as the TBI patient sample. A total of 30 patients were enrolled, although not all patients have OEF data at both time points. OEF data were not available for analysis in eight patients and one control subject at the initial time point and eight patients at the 3-mo time point. For the initial time point, data were not available in six patients because they were enrolled in our longitudinal database before OEF data were being acquired and in one patient due to technical failure during data acquisition (head positioning error). Data are not available in one patient and one control subject due to motion. Three-mo data were not available in four patients due to loss to follow-up, in two patients due to motion, and in two patients due to technical failure during data acquisition (data not saved correctly in one patient and OEF sequence not performed during the MRI in the second patient).

MRI was performed on a 3T Siemens Trio clinical MR scanner (Siemens Healthcare, Erlangen, Germany). To obtain whole-brain OEF values, an MR-susceptibility-based oximetry technique was used ([@bib11]). Field maps were obtained using a three-dimensional double-gradient echo technique with acquisition parameters: time to echo = 5.46/12.3 ms, repetition time = 25 ms, flip angle = 25°, voxel size = 2 × 2 × 1.5 mm, field of view = 256 × 224 × 64 mm. In contrast to the two-dimensional acquisition of Jain *et al.* ([@bib11]), we used a three-dimensional acquisition because it does not require prospective identification of the straight segment of the SSS, which may be problematic if the patient moves between the localizer and the field map acquisition.

Severe TBI patients were transported to the MRI scanner by the intensive care unit team and received sedation and mechanical ventilation during the initial scan. Patients were sedated using fentanyl or midazolam to avoid motion during the study. Neuromuscular blocking agents were occasionally administered if clinically indicated. The mechanical ventilator was adjusted to maintain normal end tidal CO~2~ and normal oxygen saturations (fraction of inspired oxygen was maintained at 30%). No sedation was administered at the 3-mo time point. Mild TBI patients and controls did not receive sedation or mechanical ventilation at either time point. Non-sedated patients were breathing room air and were allowed the choice of listening to music or watching a projected movie.

Field maps were calculated from the phase-difference images; no phase wraps were observed. To remove the background phase, a Hamming window (full width half maximum = 8 mm) was applied to the data; the resulting low-resolution image was removed, which left only the vascular contribution to the field map. A region of interest was drawn in the SSS in the sagittal plane passing through the widest portion of the vessel. The brain oxygen saturation level measured in the sagittal sinus represents a valid estimate of the whole-brain average OEF ([@bib11]). The region of interest was positioned in the most posterior portion of the vessel, which was generally the straightest section available (**[Figure 3](#fig3){ref-type="fig"}**). Regions of interest were positioned to exclude at least 1 mm from the edge of the vessel. The nominal size for a region of interest was 8 × 4 mm. The head was positioned to avoid a 54.5° angle between the SSS and the main magnetic field, which prevents OEF measurement ([@bib40]).

The SSS magnetic field was converted to magnetic susceptibility using the straight cylinder approximation ([@bib41]). The magnetic susceptibility was converted into OEF using the equation OEF = Δ*χ*/(Hct × Δ*χ*~0~), where χ~0~ is the susceptibility difference between hemoglobin and deoxyhemoglobin, Δχ is the measured susceptibility difference, and Hct is the hematocrit. We used a value for Δχ of 0.264 ppm and estimated an Hct of 45% and arterial saturation of 100% ([@bib42]).

In addition, the relationship between injury severity and OEF was evaluated for the TBI patients using two-way ANOVA and Tukey\'s honestly significant difference test ([@bib43]). Evaluation of OEF was performed blinded to outcome measures.

Outcome was evaluated using the GOS-E ([@bib44]) and the weeFIM ([@bib44]). Trained research staff blinded to the OEF measurements performed evaluations at 3 mo after injury. OEF as a predictor of outcome was determined by calculating Spearman\'s correlation coefficient between the initial OEF values and the 3-mo outcome measures. Statistical significance of the correlation was calculated by Fisher\'s transformation ([@bib45]). The relationship between OEF at 3 mo and outcome was evaluated using the same methods, as was the relationship between the weeFIM score and initial OEF.

The reproducibility of the measurement was evaluated by comparing the OEF values for the control patients at their initial scan with those at the 3-mo time point. Controls did not suffer any head injuries during the 3-mo interval and OEF was not expected to change. The maximum absolute difference between OEF values at the two time points was calculated.

Patients admitted to our pediatric intensive care unit after TBI were recruited after informed consent was obtained. The study was approved by our institutional review board (Washington University Human Research Protection Office).
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![OEF vs. injury. Bar graph showing average OEF for each injury severity level at both time points. At both the initial time point (within 2 weeks of injury; *n* = 21) and at 3 months post-injury (*n* = 22), OEF was significantly decreased in mild TBI patients compared to controls and was significantly decreased in severe TBI compared to both other groups. Severe TBI (); mild TBI (); OEF for healthy control patients (). Error bars represent the standard deviations. \**P* \< 0.005 vs. controls, \*\**P* \< 0.05 vs. controls, and †*P* \< 0.05 vs. mild TBI. OEF, oxygen extraction fraction; TBI, traumatic brain injury.](pr201131f1){#fig1}

![OEF vs. outcome in pediatric TBI patients. The observed relationship between outcome 3 months after injury and the OEF during the subacute period of recovery is shown. A strong, significant correlation is demonstrated between OEF measured within 2 weeks of injury and outcome at 3 months post-injury (*n* = 13) according to both the (**a**) GOS-E and (**b**) WeeFIM metrics. The relationship between OEF and outcome is sustained when OEF is measured at the three-month time point (*n* = 16) (**c**). GOS-E, Glasgow Outcome Scale--Extended; OEF, oxygen extraction fraction; TBI, traumatic brain injury; WeeFIM, Functional Independence Measure for Children.](pr201131f2){#fig2}

![(**a**) Low-resolution anatomical T1-weighted image used to co-register the region of interest (SSS; white arrows) and the magnetic field map (**b**) in the brain of a healthy volunteer. Low-resolution anatomical imaging allows accurate localization of the SSS while minimizing acquisition time. Short acquisition time is important in pediatric studies. (**b**) The magnetic field map of the same patient following filtering to remove background phase effects. The venous structures display contrast with the surrounding tissue that varies as the angle of the vessel with the magnetic field changes. The contrast between the vessel and brain tissue is proportional to the whole-brain OEF. Placement of the ROI was standardized to avoid sections where the SSS was not visible due to changes in the angle of the vessel. OEF, oxygen extraction fraction; ROI, region of interest; SSS, superior sagittal sinus.](pr201131f3){#fig3}
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